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A13STRACT

Wc have searchccl  for radio pulsar companions
observations wcm made  at, 575 ancl 770 Mllz with

to 40 nearby 01) ruuaway stars.
the NlkAO  140 ft telescope. ‘1’he

survey was sensitive to long-period pulsars with flux densities of 1 mJy or more. One
previously u]lknown  pulsar was cliscoverd,  l’SR. J2044+-4614, while observing towards
target O star 111)+45,3260.  Follow-up timi]~g observations of the pulsar measured its
position to high precision, revealing a 9’ separation ljetween the pulsar and the target
star, unequivocally indicating they are not associated. ‘1’hc pulsar is ordinary, except

that its dispersion measure, 315 pc cm-- 3, is unusually high give]]  its Galactic longitude

1 = 85°, }]ascc]  on the nomddection  of pulsars ~JOUIIC] to target stars,  wc place  a
95% confidence li]nit of 8% for the fraction of 013 ru~laways l]aving presently clctmctable
l~ulsar companions. Assuming 30% of pulsars bcwn  t(,ward us aucl assuming most, young
pulsars have luminositim above our detecl,io]l  thrcsholcl,  wc p]acc an upper limit of 27%
on the fractio]l  of 011 runaways with pulsar companions.

stLbjC!Ct  headings: l’ulsars:  Gc]~cral - Stars: Early- ‘1’ypc Stars: llinarics: General

- l’ulsars:  individual: J2044+4614
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1. Introductioll

. . . .
,.

lhxxmt] y, two radio pulsar--main scqumce  bil Iary syst cms were discovered. ‘J’he first of these,
I’Slt 111 259–63, is a 48 ms raclio pulsar in a highly eccentric, 3.3 yr orbit with a maimsequencc  lIc
star (JohIlston  ct al. 1992). ‘1’he seconcl  system, I’Slt JO045—7319, cent ains a 926 ms pulsar in an
eccentric 51 -clay orbit wilJl an ot,hcrwisc  normal 11 star (Kaspi et al. 1 994). IIoth of these pulsars
were discovered ill general surveys that were not specifically directed towards binary systems or
mail]  scqucncc  stars.

‘1’l)c systmns fit l)eatly  into a simple model of ]nassivc  binary cvolutioll. In a bound system of
two stars, the more massive star evolves more quickly. l)uring  its giant ]Jhase, it transfers matter
to its coml)anion,  leaving a rdativdy  light heliu]n  core. ‘J’his  stellar core cvelltually  explocles  as a
supernova, producing a neutron star. IIccause  the majority of the systc]n  lnass at the time of the
explosion is in the companion, the system (consisting of the co)npanio]l  star and a neutron star
remnant) would remain bouncl  if mass loss cluring the supernova event, were symmetric (SCW,  for
example, l’aczyiski  1971 or Vcrbunt 1993).

]n practice, it is known that supernovae cannot be completely symmetric. ‘]’hc strongest
evidence for this is that the vast majority of pulsars are single stars, even though most of their
progm~itors  arc thought to have evolved in binary systems. Ily t}lc sim]~le evolutionary argument
above, [an asymmetric supernova explosion is required in ] I Lost cases to eject the neutron star from
the systcm. (rl’l)c only way around this conclusion is to posit a large population of “hiclden)’  neutron
stars ellsllrouclcd  in uncvolvcc]  massive companions. ) l)ctailed  moddin?;  of the pulsar population
by l)cwey  & Cordes (1 987) confirmed that asymmetric supernovae arc required to procluce  the
observed raclio pulsar velocity distribution and binary fraction. A reccvlt al]alysis  suggests that
true radio pulsar vclocitim  are cvcn ]lighcr  than those used by l)cwcy  & Cordcs,  exacerbating the
l~eecl  for strong kicks (I,yne & I,orimcx 1994).

lJndcr  this scenario, the binary system may or may not be disru})tcd, clcpending  on the orien-
tation allcl magnitude of the supernova kick (Ilra~ldt  & l’odsiadlowski  1995 a~]d l,eonarcl  & l)ewey

1993).  in either case, the remaining main-sequence star will be given a large velocity boost, likely
becoming an 011 runaway star. ‘1’he precise clcfillitioll  of the 011 runaway population varies some-
w]lat,  but ty~)ical  ddining  parameters are a lower velocity limit of 25 40 kms- ] and/or an unusually
large distance from the Galactic plane. A majority of stars in 013 associations are in binary or
lnultiplc systems, but a lnuc}l  smaller fraction of the 0}3 runaway l)o])ulation  has clearly iclcntifiecl
binary companions (Gies 1987). l)laauw (1 961)  cxtcnsivcly  studiecl  I,IIc  011 runaway population,
al)d concluded that they attainecl  their  high velocities as the result of ral)id mass loss by binary
companions, possibly via type 11 supernovae, a suggcstic)n first lnac]c l)y Xwicky  (1 957). Gics &

IIo]ton  (1986) have formulated an alternate theory, in whi(h 011 stars arc d ynamica]l y cjectccl from
dmsc 011 associations. IIowever,  their  scenario does not CXCIUCIC  the likelihood that at least some
011 rLlnaways arc ejcctcd  by the billary/sL~l~er~lovi~  scllemt.

If a Ilcutron  star remains bound to the main scqucmcc  companion of its progenitor, its presence
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might be dctmctcd  in scnwral ways. Sufllciently  tight systems COUIC1  be distillguishec]  by spectroscopic
variations due to orbital motion of the 0}1 star. Scverd  authors have survcyec] ruuaways  for
cvidmcc of orbital ])opplcr  shifts from unseen companions (Gim & lloltm]~  1986; Stone 1982).
IIowcvcr, this mdhod has practical clifilculties,  as OB star atmosphcrm  exhibit variability, limiting

spectral velocity mcasurcmcnts  to resolution of order 10 k]ns ]. Further, highly eccentric systems
(such as I, I1OSC of l’Sits 111259--63 and JO045–7319) are ~mrticular]y  cliflicult  to detect as most of

their spectroscopic variation occurs on a timescale relatively short compared to the interval between
observations. No compact companions to 013 runaways have bcm] ddcctcd  by this method.

Altcmatively,  such a system might be observable :is a hi~;h-mass  X-ray binary (I IMXB).
11 M X 11s arc systems in which a neutron star accretes matt(>r  from a massive star, either an evolved
star, which overflows its ltochc  lobe, or a Bc star, which loses mass via a stellar wind. Similarities
bdwccn  the kinematics of II MXIIS  and OH runaways su~gmt tl)at llMXI]S  are in fact runaway
stars with neutron star companions (vau Oijcm 1 989). IIowever , attenl]lts to detect excess  X-ray
emission from runaway 011 stars have not been successful (Kumar, Ka]lmall, & ‘1’homas 1983).

Fil]ally,  one might Ix able to detect the neutron star directly if it is a radio pulsar. IU order
for the neutron star to bc detectable in this way, the pulsar- 01] star separation would have to be
sufflcimtly  large that the raclio emission is not eclipsed by the stellar wiild, either  clue to quenching
from infalling  matter, or bccausc  of reflection, absorption, or disl)crsio~l ill the wind. Iuclccd, the
pulsd radio cnnission from 1’SIL 111259--63 is eclipsed for 6 weeks arc)ulld pcriastro])  (Johuston et al.
199!5). IIowcvcr, radio observations of 1’S1? JO045– 7319, w]lich is seen throughout its orbit, suggest
cclipsc by any of the above mechanisms is unlikely for all t)ut the tightest, or most eccentric, orbits
aroul]d  ~loll-c~llissioll-li~lc  objects (Kaspi, ‘J’auris, & Manchester 1995). ‘J1l IUS a search for pulsar
companions to 01) runaways is complementary to spectroscopic ancl X-ray searches, being most
smsitivc  to systems with wide  orbital separations and hig]l cccmtricitics,  prccidy where  the other
Incthods fail.

Wc have undertaken a search for pulsars towards 40 01; runaway stars. ‘I)lle smrch is dcscribccl
in ~ 2 and ~ 3, No companions to the target stars were found, bllt one ]Julsar not associated with
an 013 star was cliscoverecl.  1’UISC timiug observatio]ls of this source arc clcxscribed  in $ 4, and
im~)lications  of our results are cliscusscd  in $ 5. WC are aware of two silnilar scarchm which have
been maclc with somewhat different targd lists (Kaspi, Manchester & 1) ‘Amico, in preparation;
l’l)ilp  1995).

2. Search  Obscrvat ions and Analysis

Our source list of 400 and 13 stars was gamcrecl fron]  lists compiled by IIcnkenstein  & Bowers
(1974), Sto*)c (1979), Garmany, Conti, & Massey  (1980), Stone  (1982), Gies & l]olton  (1986) ,
and Gics (1987). ‘] ’hcsc targets arc all runaway stars, id icatd either l)y anomalously high space
velocities (typically 25 kms- 1 or higher) or large distances from the ( ;alactic plane. None of the
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tar-gal  stars is kl~own LO be in a binary systcm.

Obsm-vatioI)s  were made using the 140 ft (43 m) telescope at C~reel~  l+ank, West Virginia, at 575
and 770 M11z.  ‘1’he observing frequencies usecl  for individual sources were determined by telescope
scheduling constraints. ‘]’hc telescope beam width (1~’Wll M) was 52’ at 575 Mllz  and 39’ at 770

Mllz.  A digital l’ourier  transform s})ectrometer synthesiml  512 spectral channels across a 40 MIIz
bandwidth in each of two polarizations, boxcar averaging for intervals of 1.024 ms. Spectra from
oppositx  polarizations were sulnmed, and power levels reduced to 1 bit (by comparison to a running
average with 4s time constant) and written to magnetic tape. IIach  source was observed for 222

sample intervals, or about 71.6 minutes.

‘1’0 reduce the computational recluircments  of the project, power n Immurements from sets of
eight adjacent spectral chanucls were summec] for observations at, 575 N411z, and sixteen channels
were summed at 770 Ml 1 z. 1 )cspitc  the reduced frequency rcsolutio] 1 , smearing of signals due to

cliflerentid delays in the resulting psc:IIcio-cll:ill  Ilcls  was no l[lore than 1 IJIS for pulsars with dispersion
3 Lhe range expected for the distances and ~;a]actic  latitudes of theselncasurcs up to 40 pc cm ,

stars.

‘1’hc data set for each source thus consisted of a matrix of 222 power lCVCI  measurements in
each of 64 frequency chaul~els (32 channels for observations at 770 MIIz). l“rom these matrices we
generated one-dimensional time sequences corresponding to 448 disti]lct clispcrsion  measures from
O to 2400 pc cnl” 3 (224 dispersion measures from O tc) 29(KI pc cm- 3 for observations at 770 MIIz).

l~ach time series was searched for pulsar-like signals: a l“ollrier  power spectrum was calculated and

scarchcd for strong peaks both in single bins and in harlnonically related sets of 2, 3, 4, 8, and
16 bins. l’eriods  corresponding to bins with high signal-tcl-noise  ratios were examinecl in the time
dolnain  (by inverting the l~ourier  complex cocfflciellts at the candidate frequency ancl its harmonics),
and signals wllicl~ clicl IIot resemble pulsars (in particular, signals witllo~lt rdativcly  narrow peaks)

were rejected. l)etails on Lhe most promising pulsar canclic]atcs  were recorded for visual inspection
and possible re-observation. ‘]’hc algorithm USCC1 was csscl~tially  that of Nice, Fruchter,  & Taylor
(1995), and a ]norc detailed analysis of the search proced,lr-e  can be foul,d il, that paper.

‘J’he system noise temperature variccl from source to source due to variations in sky back-
ground noise; typical values were 80 K at 575 MIIz and 60 K at 770 Mllx. ‘1’he telescope gain was

0.29 K Jy - ‘. lktsed  on this gain, tllc 60 K systcnl  tempe)  ature,  the 71.6 lninutc  integration time,
the 40 Mllz bal~dwidth,  ancl the usc of two polarimtiolls,  the minimum detectable flux density was
1 mJy for long period, small duty cycle pulsars. ‘J’he sensitivity was somewhat worse for pulsars

with high dispersion measures (clue to clifferential  dispersion delays within spectral channels) and
for pulsars wit]]  short periods (clue to the finite  sample interval). ‘J’hc calculated sensitivity as a

function of dispersion measure and period is givcll  in Fig(lre  1.

ltadio frequency intcrfcrcncc  of terrestrial ori.giu is oft(n  a problenl at low radio frequencies, and
these observations were no cxccptio]l.  l)ata  from six of OU1 40 rutlaway  stars were contaminated by
illterfcrellcc, usually manifested as numerous false ‘{detections” by the lJulsar search cocle. Because
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t,hcrc is so]nc  possibility of clctding  a pulsar mm] in the plcsencc  of illtcrfmcnce,  we have included
all t,l)c l,argd  sources in ‘1’able 1. IIowever,  the sensitivity I o weak pulsars in the direction of t}lese
sourcm was significant] y rcclucd.

3. Search R.csults

We discovcmcl  one pulsar, 1’Slt J2044+4614,  while pointing towards t,argct star 111)-+-45,3260.
‘1’hc pulsar and target star arc not associated (see $ 4).

4. observations of 1’SR  J2044+4614

‘~’iming observations of I’Slt J2044+4614 were made at regular intervals between July, 1994
a~ld  July, 1995, using the 140 ft tclcscopc  at 575 and 800 MIIz.  ‘1’hc timing lncasuremmts  used the
same spcctromdcr  as the search observations, but since t,hc pulsar period was known, the incoming
data could be folded on-line, which allowed us to rctai]l ancl process data with full amplitude
precision and frequency resolution. l)ata  collection ant] analysis procedures were identical to those
of Arzoumanian ct al. (1 994). ‘J’lIe pulse profiles at 575 al lcl 800 Mllz  arc shown in Figure 2.

‘1’he pulse arrival times were analyzed with the ‘1’EM ]’o code (rl’aylor & Weisberg 1989), in-
corporating astromctry  bad on the Jet l’repulsion ]Jaborator~ 1)10200  ephemeris. l’aramctcrs
derived from t,hc timing moclcd  are given in ‘1’able  2. An isolatccl  ~mlsar model fits t,hc data well-
thcre is no evidence for binary motion. ‘1’he position of tile pulsar difl’ers  from that of the target
star 111)-i-45,3260 by !3’. ‘J’hus tJlmc is no doubt t]mt the pulsar ancl star arc not associatccl,  but
rcprcscnl,  a cllancc superposition within the telescope bealn.

‘1’hc dispersion measure of this pulsar, 315 pc cm – 3, is a factor of 2 higl~cr  than those of other

pulsars near Galactic ]ongitucle  1 = 85° ant] near the Galactic plane, a~ld is not reaclily accon~mo-
datd by the smooth ccl out electron density clist,ribution  n Iodcl  of ‘~’aylor  & Cordes (1!393). Several
large 1111 regions in the l’erseus arm of the Galaxy lic close  to the pulsar’s clircction  (Gcorgelin &
C;corgdin 1976). Wc consider ii, likely that the pulsar lies IJehincl  an unlIsLlally  clense  concentration
of ionimd material.

5. Discussion

We found no pulsars orbiting arouncl 34 target 011 ronaway  stars for which high quality clata
were collected. ‘1’llis  result can be usecl to place a form{ll  limit on the fraction of Olj runaways
with ddectablc  pulsar companions. I,et j be the proba])ility that an 011 runaway has a pulsar
companion visible to us (i.e. , above our threshold lumillosit.y  ancl bcalnix]g  towards us). ‘J’hcn (1 – ~)
is the probability of not cldccting  a pulsar arou~lcl a giv(n 011 star , aILd }’(j) z (1 –- ~)tL is the
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probability of not clctecting my pulsars around n= 34 stars. A st,raiglli,forwarcl ?lIayesian analysis

shows that j~~, a 950/0 confldcncc  upper limit to ~, cm be calculatd  froln

(1)

w]lic.h yields  f~~ == 0.08.

]’lacing  a formal limit on the number of 011 runaway stars with pulsar companions, detectable
or not, is less straightforward. ])ue to pulsar beaming efI’ccis,  not all pulsar companions to 01; stars
would lx visible to us. ‘1’he beaming fraction of pulsars is poorly known. often the fraction that

beam toward the l’]arth is assumccl to be 20%, but for relatively young IJulsars, as would be expected
in orbit around a massive main scqucncc  star, the beaming fraction is probably somewhat larger (e.g.
Narayan & Vivckanand 1983). ‘1’hc pulsar luminosity function, usually analyzecl  indepcnclcntly of
the bcalning fraction, is also poorly unclerstoocl.  Narayan ancl Ostriker  (1 990) founcl  a moc]el with
radio luminosity a functio]l of the spin-clown lumillosil,y  that, clescribes  their sample of pulsars well
(their mocld  “b”); this model suggests nearly all pulsars of agc 8 x 106 or less (typical 013 runaway
ages) at the distances of our target stars would be above our luminosity thresh olcl. lJsing this
moclcd  and a beaming fraction of 30% we calculate that at most 27% of 01; runaways have pulsar
Companions. Omitting the six emission line stars fro~n tllc sample (sillcc  I,hc effects of the stellar
wind nlay rmlclcr their pulsar companions more difficult to detect), ull(lcr the same assumptions,
wc conclude that at most 330/0 of 011 runaway have pulsar companions. 11 owcver  wc caution that
it has been shown that models of the luminosity function l)elow  10 mJy kpc2 am heavily influenced
by small mlmbcr  statistics because of pulsar survey scleci  ion effects (I,orilllcr et al. 1993), so our
lilnits  may bc underestimates if there exists a large low luminosity pulsar population.

‘J’O summarize, our observations show that at most 8% of 011 ruIIaways IIave  detectable pul-
sar companions, and that with tentative assumptions about the beaming fraction ancl luminosity
function of pulsars, most 011 runaways do not have any pulsar companions. ‘J’his fincling is conlple-

mc]ltary to spectroscopic scarchm for 013 binaries (Gics $’. llolton  198(i,  Stone 1982)  ancl searches
for X-ray mnissio]]  fro]n 013 runaways (Ku]nar, Kallman, & ‘J’hoIIIas  1983). Our observations were
particularly sensitive to wiclc and/or eccentric binary systems, which  would  have been  missed by
the other scarcl~ methods. No cviclence  has bcc]l fou]ld  for neutron star companions to 011 rum
awCays. Si]~cc most O and 13 stars are formccl  in binaries, this supports tllc conclusion that massive
binaries tend to bc clisruptec]  whm  one member u]lclergocs  supernova.

Wc thank S. Johnston for hdpful  discussions. ‘1’hc 140ft tclcscopc  is a facility of the Na-
tional ltaclio  Astronomy Observatory, opcratccl by Associatecl  Ullivcrsitids,  lIIc., Uncler a cooperative
agrccmcvlt  with the Natiol]al  Science l’oundation, VhlK  received support, from a ]]ubblc  l“cllow-
sllil) tllrougl~ gral}t number 111~’-l 061.01 -94A from the SIMCC  ‘1’elcscopc  Science  Institute, which is

opcratd by the Association of Universities for Research ill Astronomy, Inc., unclcr NASA contract
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NAS5-26555.  l’art of this rcscamh was carried out at th< Jet l’ropu]sio]l  laboratory, California

]nstitutc  of ‘1’cclIIIology, unc]cr contract with the Nat,ioId  Aeronautics aIId Space  Administration.
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‘1’able 1. Target 013 ltunaway  Sims

— —

‘1’argd

Star

111)4142
13s1)1117
IH)-t-oo,lm
111)-+-62,338
111113268
111)14220
111)14633
111)19374
111)20218
111)30650
1 I 1)34078

111)36576
111)38666
111)39478 1’
111)39680
111)41161
111)41534
111)43112
111)51480
111)78584
111)93521

111)97991”
111)149363”
111)149757
111)152623
111)151397
111)157857
111)1724881’

111)1758761’
111)187567
111)195907
111)197419
111)-+-45,3260(
111)201345
111)201910”
1 I 1 )203064

(1;0)

00’’41’’’39’
01 04 36
01 05 5]
01 58 33
02 08 03
02 16 15
0 2  19 46
0 3 0 4  36
03 13 22
04 47 58
05 13 00
05 30 36
05 44 08
0 5  50 53
05 51 55
06 02 04

06 02 29
06 12 18
06 54 48
09 10 42
10 45 34
11 13 39
16 31 48
16 34 24
16 52 46
16 45 23
17 23 31
18 38 04
18 55 13
19 47 52
20 31 04
20 40 25
20 43 54
21 05 52
21 09 28
21 16 35

(1:50)

+47 °35’26”

+-60 29
+-61 1 2 3 0

+62  3604
+55 5526
-t-52 1954
+41 1512

+17  4118
+47 5647
+43 2939

+34 1525
+18 3023
--32 1927

+26  2448
+13  5048

-t-48 1515
–32 1012

+13  5204
- 1 0 4 5 2 4

+-79 2922

+37 5 0 0 5
--03 11 57
- 0 6 0 1 5 9
–10 2803

–40 3454

- - 3 9 4 1 0 2
–lo 5701

–08 4558

–20 2931

+ 0 7 4 6 3 0

-{-31 2909

-t-35 1634
-I-46 1003
+33 1140
+-40 5847
-t-43 4405

Spectra]
Type

B5V
I15V
Blv

HO.5V
08V1111
B2V

08.5V
I{2V

132V
MN
09.5ve

l\21V-Ve
09.5V
I12V

(MN
08V

B2.h\7
IIlv
}15p

1)3
09.5V

B]v
NO.5V

09V
0 7 V

BO.5V
0 7 e
BO.5V

0 7
B2.51VC!
131 .5V

132VC
09V

Oq)
I15V
08VC

-—

1 )istancc

(kpc)

0.17
1.5-2.4

2.0
2.64
2.5

2.48
0.36

1.0–1.4

0.44

0.57
0.85-1.20

0.26

0.35–0.40

().78–0.89
1,08

0.76

0.17

2.3
2.4

0.53–0.65

0.54
1.74

0.48
0.88

l“rc[plcncy
(MIIz)

575
770
770
770
770
770
770
770
575
770
575
575
770
575
770
575
770
770
770
770
575
575
770
770
770
770
575
770
770
770
770
575
770
770
770
770

ltcfercmcea

1
1
1

1
1
3

2,4,6
1
1

3
1

3
1
1

3
4,5

1

3
1

1

6
1

3
1

5

1
1

3

5
3

1>3

1,3
1

3
1,3

5>6
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‘J’able  1- (k)ntjilluc’(l

‘J’argci Spcctl’al l)isl,ance

Star (1;0) (1:50) ‘J’ypc (kpc.)

111)206327 21 37 38 +61 1946 B2V
111)235807 22 19 17 +-55 1756 BO.51V 2.8

111)214930 22 39 02 +23 3506 1321V 0.44

111)216534 22 50 48 -1-493556 I13V 0.83
—

10’cque.llcy Rcflm211cd’
(Mllz)

770 4
770 1

770 1,3

770 1

“licfcrcnccs-  (1) l)ckcnstcin  &, IIowcrs  1974; (2) Stone 1982; (3) (~ies  & llolton  1986; (4) Stone
1979; (5) Gmnany, Conti, & Massey  1980; (6) Gics 1987.

“(h]ltaminat,cd  by tmrestrial interference reclucccl smlsitivity  to ])olsars.

“1 ‘Ulsar found  nearby.
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‘1’able 2: l’aramctm-sof  l’Slt J2044-t4614.  ”

ltight  ascension (J2000) . . . . . . . . . . .
l)cclination  (J2000). . . . . . . . . . . . . . .
l’cried (s) . . . . . . . . . . . . . . . . . . . . . . . .
l’criocl clcrivativc  . . . . . . . . . . . . . . . . .

l~poch of period (MJI)) . . . . . . . . . . .
])ispcrsion  measure (pee.n-3) . . . .
I“lux density at 575 MIIz (mJy).  . .
Galactic l,ongitudc  (deg. ) . . . . . . . . .
Galactic l,atituclc (deg.) . . . . . . . . . ..—

. . . . .

=“,rij@7~L)-” ‘-

+-46 °14’54’’(2)
1,3927154634(2)
6.8(8) XI O-]G
49700.0
315.2(2)
1.5

85.4
2.15——
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